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Abstract: In October 2020, the chemistry Nobel Prize was awarded to Emmanuelle Charpentier and
Jennifer A. Doudna for the discovery of a new promising genome-editing tool: the genetic scissors of
CRISPR-Cas9. The identification of CRISPR arrays and the subsequent identification of cas genes,
which together represent an adaptive immunological system that exists not only in bacteria but also
in archaea, led to the development of diverse strategies used for precise DNA editing, providing new
insights in basic research and in clinical practice. Due to their advantageous features, the CRISPR-Cas
systems are already employed in several biological and medical research fields as the most suitable
technique for genome engineering. In this review, we aim to describe the CRISPR-Cas systems that
have been identified among prokaryotic organisms and engineered for genome manipulation studies.
Furthermore, a comprehensive comparison between the innovative CRISPR-Cas methodology and
the previously utilized ZFN and TALEN editing nucleases is also discussed. Ultimately, we highlight
the contribution of CRISPR-Cas methodology in modern biomedicine and the current plethora of
available applications for gene KO, repression and/or overexpression, as well as their potential
implementation in therapeutical strategies that aim to improve patients’ quality of life.

Keywords: CRISPR-Cas systems; dCas9; nucleases; ZFNs; TALENs; CAR-T cells; gene therapy; gene
knockout; genome editing

1. Introduction

In October 2020, the chemistry Nobel Prize was awarded to Emmanuelle Charpentier
and Jennifer A. Doudna for the discovery of a new promising genome-editing tool: the
genetic scissors of CRISPR-Cas9 [1]. The introduction of the present technology led to the
flourishing of molecular biology and biotechnology, and a post-genomic era started. Using
the CRISPR-Cas9 system, the DNA of eukaryotic organisms as well as microorganisms can
be modified in a high-precision manner and efficiency, allowing for more thorough genetic
and epigenetic studies [2–4].

The discovery of an array of special repeat sequences in 1987 by Ishino et al. during
the study of the Escherichia coli (E. coli) genome [5], and the subsequent identification of
cas genes a few years later, was the first step for the development of genome-engineering
approaches for the manipulation of nucleic acids [2,6–8]. This array of special repeat
sequences, named Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR),
along with CRISPR-associated (Cas) proteins, represent an adaptive immune surveillance
process widespread across archaea as well as bacteria. This process causes interference
against foreign nucleic acids derived from infectious organisms, such as phage viruses, and
hence, being responsible for the protection of its holder [9–15].

A typical CRISPR locus consists of 21–47 bp DNA repeat sequences and non-repetitive
nucleotides of similar size, usually 26–72 bp, called protospacers. Protospacers are DNA
sequences originating from invading pathogens and, thus, represent a collection of genetic
information stored in immunological memory [14]. In the genomic DNA sequence of
interest, each protospacer is related to a specific sequence called protospacer adjacent
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motif (PAM), which can differ in each CRISPR system that is harnessed [16–18]. Genomic
analysis of prokaryotic organisms with multiple CRISPR loci unveiled another structural
characteristic located next to these short repeats, containing genes that encode diverse
nucleases called Cas proteins, which are responsible for the scission of extrinsic DNA. The
conserved region between the CRISPR locus and the cas genes is called leader and has an
approximate length of 60 bp.

The process of CRISPR–Cas systems can be discriminated in three sequential steps:
adaptation, expression and maturation, and interference. In the adaptation step, Cas
proteins recognize the invader DNA and segmentate it, retaining a short DNA sequence
that will function as a new protospacer after its integration into the CRISPR array. Two
proteins, Cas1 and Cas2, which exist in most CRISPR-Cas systems, enable the incorporation
of the spacers to the CRISPR cassettes [19]. The integration of each protospacer will define
the immunological memory. In the step of expression and maturation, the transcription of
the CRISPR array takes place. As a result, a precursor RNA transcript is generated and is
subsequently divided into small RNA units, called CRISPR RNAs (crRNAs). This process is
mediated by an RNA endonuclease complex or by an alternative mechanism that is mainly
based on the bacterial RNase III [20]. Each crRNA is characterized by a single protospacer.
Afterwards, the newly synthesized crRNAs interact with one or more Cas proteins and the
active Cas–crRNAs complexes are generated [17,21]. Finally, in the interference step, the
active Cas–crRNAs complex investigates the cell for extrinsic nucleic acids, based on the
complementarity of the latter with the crRNAs. In the case of foreign DNA recognition,
Cas–crRNAs complex cleaves the target DNA, protecting the cell from its attacker [22–24].

Although the manipulation of genomes has been employed by the utilization of previ-
ous genome-engineering approaches, like zinc finger nuclease (ZFN) [25] and transcription
activator-like effector nuclease (TALEN) methodologies [26], the emergence of CRISPR-Cas
technologies changed the way researchers study gene regulation and enabled researchers
to modify gene expression in diverse levels, thus deciphering the hidden aspects of their
functions. In this work, we describe the current CRISPR-Cas approaches used for genome
engineering and discuss their applications in molecular biology, both in research and clin-
ical practice. Furthermore, an extensive description of additional genome-engineering
strategies, including ZFN and TALEN methods, is also discussed enabling a thorough com-
parison between previously introduced genome-editing technologies and the cutting-edge
CRISPR-Cas methodology.

2. Diverse CRISPR-Cas Systems

Two classes (class I&II) of CRISPR-Cas systems have already been characterized across
bacterial and archaeal cells, which are differentiated according to the function and structure
of Cas effectors that take part in the procedure [27]. In particular, the systems of Class
I are characterized by multiple complexes that are formed by the complicity of various
Cas effectors, whereas class II systems exploit a single effector Cas protein. Class I and II
systems can be further subdivided into six types (types I–VI). Class I systems include types
I, III, and IV, whereas class II systems comprise the three remaining types (II, V, and VI)
(Table 1).

2.1. Class I Systems

Type I CRISPR-Cas systems harness several Cas proteins that all interact together,
generating a complex named CRISPR-associated complex for antiviral defense (Cascade).
This term was initially utilized to describe the multi-Cas effector complex of E. coli, which
was the first identified type I CRISPR–Cas complex [17]. However, the subsequent identifi-
cation of several other type I system complexes that are extremely similar to E. coli Cascade,
lead to the use of this term for every such complex. Additionally, type I systems feature
cas3, a signature gene that encodes a protein, which demonstrates an ATP-independent
nuclease activity for single-stranded DNA templates as well as an ATP-dependent helicase
(Table 1) [28–30].
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Table 1. Identified CRISPR-Cas systems in procaryotes, their required elements, as well as the types
of molecules each one targets.

Class Type Pre-crRNA
Processing Effector Protein(s) Target Cleavage Target

I
I Cas6

Cascade complex
(Cas8, Cas7, Cas5, Cas6,

Cas11 and Cas3)
Cas3 dsDNA

III Cas6 Cas7, Cas5, Cas10 Cas10 dsDNA/ssRNA
IV Cas6 Cas7, Cas5, Csf1 - dsDNA

II
II RNA III/Cas9 Cas9 Cas9 dsDNA
V Cas12 Cas12 Cas12 dsDNA/ssDNA/ssRNA
VI Cas13 Cas13 Cas13 ssRNA

All type III CRISPR-Cas systems feature the signature cas10 gene that encodes a protein
with several domains able to target DNA [14]. Cas10 represents the large subunit of the
effector complexes identified in these systems. In most cases, Type III CRISPR-Cas systems
exploit crRNAs transcribed from CRISPR arrays associated with type I or type II systems
and, hence, do not use proteins encoded by their cas1 and cas2 genes [21]. To date, there are
four type III subtypes: III-A to III-D. Subtype III-A loci include cas1, cas2, and cas6 [31], and
are responsible for targeting foreign DNA [16]. On the contrary, these genes are absent in
most III-B systems, whose action depends on other co-existing CRISPR-Cas effectors. In
contrast to III-A systems that target only DNA, III-B systems can also target RNA [21,32,33].
The III-C subtype involves a Cas10 protein featuring an inactivated cyclase domain, whereas
III-D systems feature a Cas10 protein that lacks histidine–aspartate (HD) domain.

Although the function and mechanism of the known CRISPR-Cas types have already
been clarified, type IV systems remain unclear. These systems are primarily encoded by
plasmids, suggesting a plasmid–host interaction for the repression of the host defense
by resident CRISPR-Cas systems. Currently, type IV CRISPR-Cas loci are categorized
into two subtypes, namely IV-A and IV-B. Each of these two subtypes share a specific
group of effector module proteins [27]. Even though type IV cas operons are often related
to CRISPR arrays, they lack specific key features of other CRISPR-Cas systems, such as
the adaptation module and an effector. Thus, it has been suggested that these systems
demonstrate differentiated CRISPR-Cas functions or are even functionally defective [34].

2.2. Class II Systems

Missing in archaea, type II CRISPR-Cas systems are present in ∼5% of the bacterial
genomes, being over-represented among pathogens. The functionality of type II systems is
based on the cas9 gene, which leads to the expression of a multidomain protein that has
the capability to target and cleave extrinsic DNA [14]. Two nuclease domains of Cas9 have
been identified, namely HNH and RuvC. Both domains are required for the cleavage of the
foreign DNA [35–39]. Apart from cas9, every type II CRISPR-Cas locus also contains cas1
and cas2 genes. Most of these systems encompass one or two genes, the transcription of
which leads to the generation of a specialized RNA molecule, denoted as tracrRNA. Unlike
most of the type I and III systems that harness a Cas endoribonuclease derived from the
CRISPR-Cas loci to cleave the CRISPR precursor transcript (pre-crRNA), type II systems
rely on the use of an endogenous RNase III and the tracrRNA [35,40–43]. Specifically, the
procedure initiates with the base-pairing of tracrRNA with the pre-crRNA repeats in the
presence of Cas9 to form RNA duplexes that are cleaved by the endogenous RNase III [20].
Subsequently, the existing crRNA is further processed, leading to the generation of mature
crRNAs that remain duplexed with tracrRNA in Cas9-complex manner [2,20].

Like the previously described CRISPR-Cas systems, type V systems consist of three
parts: the effector protein, the acquisition module, and the CRISPR array. When mobile
genetic elements (MGEs) invade the cell of the host, Cas1 and Cas2 of the adaptation module
create a complex to intercept a short sequence of the invasive molecule, the protospacer,
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next to the PAM of the CRISPR array. Subsequently, the array is transcribed to generate
pre-crRNA, which is further processed by RNase III or effector proteins in its own CRISPR
system to form mature crRNA. To date, most of the type V CRISPR-Cas-identified systems
exhibit targeted RNA-guided cleavage activity of dsDNA substrates.

Three known subtypes of type V systems, subtypes V-A, V-B, and V-E, have been
studied in detail, providing sufficient information regarding their mechanism of action.
Cas12a, Cas12b, and Cas12e are the effector molecules of types V-A, V-B, and V-E, respec-
tively. After the corresponding effector protein binds to the gRNA, the derived complex
that is created recognizes the 5′ T-rich PAM motif and mediates the unwinding of the target
DNA and its subsequent base pairing with the crRNA’s guide sequence. Concurrently, an
“R-loop” is created by the displacement of the non-target strand of the target sequence.
Then, RuvC domain cuts both strands successfully at PAM-distant sites, leading to an
incision that is characterized by 5′ overhangs. Notably, there are major differences from
the type II CRISPR enzyme Cas9, which acts on the PAM-proximal bond to generate blind
ends. Except for targeting and cleaving dsDNA, some effector molecules of type V systems
can use either dsRNA or ssRNA as substrate. Particularly, Cas12a, -b, -c, -d, -h, -i, and -j
recognize and cleave ssDNA, whereas Cas12g targets ssRNA.

The recently identified RNA-targeting type VI CRISPR-Cas systems exclusively target
ssRNA and are further divided into four main subtypes (A–D) [44–46]. The functionalities
of subtypes VI-A, VI-B, and VI-D, along with their corresponding Cas13 effectors have
already been elucidated. Cas13 effectors represent crRNA-guided RNases that are char-
acterized by the presence of two distinct and independent catalytic centers. The first one
processes the pre-crRNA, whereas the second catalytic center residing in the nucleotide-
binding (HEPN) domain in higher eukaryotes and prokaryotes mediates the cleavage of
ssRNA substrates. The cleavage preferentially takes place in exposed regions of the RNA
secondary structures, mostly at uridine (U) or adenine (A) sites. Among the different
microbial genomes that have been studied, it has been shown that the CRISPR-Cas loci of
the VI-A, -B, and -D systems lack cas1 and cas2 genes; hence, they include only a single
CRISPR array and a cas13 gene encoding the effector protein. Even though adaptation
modules are absent from these loci, most of these systems are derived from hosts possessing
another CRISPR-Cas locus with cas1 and cas2 genes, indicating that these systems share
some of their elements [47].

3. Utilizing Cas Nucleases as Genome-Engineering Tools

Due to the simplicity of class II CRISPR-Cas systems, in which a single Cas protein
is sufficient to mediate the target’s binding and incision, they are easier to exploit for
research purposes and have already been established as an efficient and powerful tool for
genome editing approaches, both in prokaryotic and eukaryotic cells. Diverse technologies
have been designed, each of which is suitable for a specific application, depending on the
purpose of the scientific study [2,7]. Of note, protein engineering of CRISPR nucleases is
mainly utilized to improve CRISPR as a method for genetic modification and manipulation,
offering a variety of techniques for editing in multiple levels.

3.1. Cas9 Nuclease for Genome Editing

The most commonly used CRISPR nuclease for DNA editing is the RNA-guided
Cas9 [48]. This protein promotes genome editing by stimulating double stranded breaks
(DBS) at a target genomic locus, using a single-guide RNA (sgRNA) molecule. The sgRNA
is a version of the naturally existing guide RNA complex (crRNA–tracrRNA complex)
engineered into a single and continuous sequence. This molecule is harnessed to lead the
Cas9 protein to bind and cleave both strands of a target sequence, causing DSB. Upon
the cleavage by Cas9, the target locus is subjected to DNA damage repair, either via the
error-prone non-homologous end joining (NHEJ) or the high-fidelity homologous direct
repair (HDR) pathway. In the absence of any homologous template, the NHEJ pathway is
activated, and the ends deriving from the DSB are rejoined, leaving scars in the form of
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insertion/deletion (indels) mutations. The NHEJ pathway can be harnessed to create gene
KOs, as the indels occurred within the coding region of the target gene can lead to frameshift
translations and premature stop codons [49]. The alternative DNA repair pathway, HDR,
maintains the integrity of the repaired DNA sequence and is activated when a homologous
piece of DNA is present in the nucleus. HDR can be leveraged for precise alterations at
a target locus, provided that an exogenous repair template is utilized. The homologous
repair template can be either a single-stranded DNA oligonucleotide (ssODN), or a double-
stranded molecule with homology arms flanking the insertion sequence (Figure 1).
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Figure 1. The CRISPR-Cas9 system mechanism on a target gene. The Cas9 protein is guided by a
single-stranded RNA that is complementary to the site of interest, in a specific genomic region. The
DNA is cleaved by Cas9, and the occurred DSBs can be repaired by two distinct repair pathways:
the error-prone non-homologous ending joining (NHEJ), which will induce indels into the repaired
DNA (left) and the homologous dependent repair (HDR) that requires a donor repair template that is
incorporated in the target DNA sequence (right).

The former provides a simple and effective method for generating small modifications
in the genome, including the single-nucleotide substitutions that can be exploited for the
investigation of casual genetic variations [50]. Although the HDR mechanism is the most
precise of the widely used methods for DNA repair, it is still characterized by decreased
efficiency, especially for some human cell types, like induced pluripotent cells (iPSCs) or
embryonic stem cells (ESCs). For that reason, several methodologies have been deployed to
augment the efficiency of HDR, with the most common the inhibition of factors participating
in NHEJ, and the enhancement of factors like CtIP and RAD18 in HDR. Respectively,
repression of Ku70/80 or DNA ligase IV, which constitute key molecules of the NHEJ
pathway, or even the tagging of Cas9 with minimal N-terminal fragment CtIP can stimulate
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HDR. Unlike NHEJ, studies have demonstrated that HDR pathway is mostly active in the
dividing cells, and its efficiency depends not only on the type and state of the cells, but also
on the genomic locus and the selected repair template [49].

Since the characterization of the various CRISPR-Cas systems, a variety of Cas9
orthologs have been elucidated, and their usage as potential genome editing tools have
been assessed. The most common sgRNA-guided endonuclease is SpCas9, originating
from Streptococcus pyogenes [2,7,51]. This system represents a CRISPR-Cas approach that
allows suppression of target genes, transcriptional repression or activation, single base-pair
conversion, epigenetic modulations, and other manipulations of the genome (Figure 2).
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Figure 2. A typical workflow of a CRISPR-Cas9 editing strategy. The basic steps include the selec-
tion of the suitable Cas9 endonuclease and the design of the appropriate sgRNA molecule, their
cloning into vectors and the subsequent delivery of the construct into eukaryotic cells to mediate
changes into the target DNA. The final step corresponds to the experimental verification of the target
DNA editing.

SpCas9 recognizes a relatively simple PAM, 5′-NGG-3′, and mediates DSB a few bases
upstream of the PAM sequence [2]. However, due to its large size (1368 amino acids),
the SpCas9 gene and its corresponding sgRNA molecule cannot be inserted together into
specific viral vectors, such as adeno-associated virus (AAV) for their effective delivery
into cells in vivo [52,53]. As an alternative, SaCas9 and CjCas9 orthologs can be used
for genome editing when using AAV as cloning vectors. Due to their small size, SaCas9
(1053 amino acids) and especially CjCas9 (984 amino-acid residues) are more suitable
options for conducting CRISPR-Cas9 methods using AAV vectors.

3.2. Cas12a Ortholog as a Lead Actor in DNA Editing

Although Cas12a and Cas9 have evolved through independent pathways, these en-
donucleases exhibit functional and structural similarities. To date, several studies have
probed the utilization of Cas12a in DNA manipulation for several cell types, making the
CRISPR-Cas12a system an alternative molecular genome editing tool [54]. Like in CRISPR-
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Cas9 systems, Cas12a produces a DSB at a specific genomic locus, and the subsequent
activation of the host-cell repair machinery engages in the mending of the occurred DSB, ei-
ther via NHEJ or HDR. The pre-crRNA processing activity of Cas12a makes this protein an
attractive choice in cases of multiple gene regulation, which in the case of Cas9 is extremely
challenging (Table 2) [55]. This auto-processing of its own crRNA has been exploited
to alter many genetic elements at the same time, producing constitutive, inducible, and
multiplexed genome engineering by the delivery of a single plasmid containing multiple
CRISPR gRNAs. Aside from the impressive feature of Cas12a to perform high-specific
dsDNA cleavage, it also demonstrates universal activity for ssDNA degradation upon
activation with a ssDNA complementary to the crRNA guide, giving the opportunity for
manipulating all DNA types [56].

Table 2. Diverse Cas orthologs identified among the bacterial species that have been studied. Each
one derives from a specific organism and is characterized by a certain PAM sequence.

Cas Ortholog PAM Sequence Organism Origin Description

SpCas9 5′-NGG-3′ Streptococcus pyogenes The widely known Cas9 ortholog used for
CRISPR/Cas9 approaches.

CjCas9 5′-NNNNRYAC-3′ Campylobacter jejuni The smallest Cas9 ortholog that has been identified.
Ideal for adeno-associated virus delivery.

SaCas9 5′-NNGRRT-3′ Staphylococcus aureus Ideal for adeno-associated virus delivery to
somatic tissues due to its considerably smaller size.

NmeCas9 5′-NNNNGATT-3′ Neisseria meningitidi Ideal for adeno-associated virus delivery to
somatic tissues due to its considerably smaller size.

FnCas9 5′-HGG-3′ Francisella novicida
In contrast to SpCas9, RuvC-like nuclease domain
of FnCas9 cleaves the non-complementary DNA

strand 6–7 bp from the PAM.

ScCas9 5′-NNGT-3′ Streptococcus canis Increases the number of DNA sequences that can
be targeted with Cas9 gene editing

AsCas12a 5′-TTTV-3′ Acidaminococcus sp. Features a RuvC endonuclease domain and a
putative novel nuclease domain

LbCas12a 5′-TTTV-3′ Lachnospiraceae bacterium Suitable for plant gene targeting (GT)

FnCas12a
5′-TTTV-3′,
5′-KYTV-3′,
5′-VTTV-3′

Francisella novicida

In contrast to SpCas9, FnCas12a cleaves target
DNA in a staggered pattern and leaves 5′

overhangs after initiation of a DSB in DNA.
Features the RuvC domain, but lacks a second

endonuclease domain

R = A/G, V = G/A/C, Y = C/T.

3.3. Engineered Cas Proteins for Precise Editing

Several Cas9 and Cas12 nucleases with decreased off-target activity have been engi-
neered while maintaining wild-type levels of on-target activity. Structure-guided mutagen-
esis of Cas9 catalytic domains led to the generation of engineered Cas9 proteins exploited
for additional functions [2]. More precisely, an aspartate-to-alanine mutation in either
RuvC catalytic domain (D10A) or a histidine-to-alanine change in HNH domain (H840A)
led to the introduction of Cas9 “nicking” enzymes, named Cas9n, which perform single-
stranded nicks rather than DSBs, reducing the potential off-target effects of the wild-type
Cas9 [57,58]. The D10A mutation inactivates RuvC domain resulting in the cleavage of
the target strand only, while H840A mutation causes the inactivation of HNH domain and
leads to the generation of a non-target strand-cleaving nickase. Of note, Cas9n requires two
sgRNA for double nicking, each one targeting its complementary DNA strand (Figure 3a).
Since nicks are generally repaired with higher precision in eukaryotic cells, Cas9n can be
used to create highly specific genome editing via HDR [7]. As opposed to the wild-type
Cas9 that produces blunt DSB, Cas9n creates 5′ or 3′ overhangs along the target [8].
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Figure 3. Schematic demonstration of the engineered CRISPR-Cas9 systems. (a) The nuclease
domains of the Cas9 protein can be mutated independently to generate DNA nickases (Cas9n) that
are able to introduce nicks, rather than DBS. DSBs can be introduced through the usage of a pair of
sgRNA–Cas9n complexes. (b) The Cas9 protein is engineered into catalytically inactive Cas9 (dCas9).
The dCas9 can be fused with specific effector proteins to mediate expression alterations of the gene of
interest (GOI).

Introducing point mutations into both RuvC and HNH domains (D10A and H840A,
accordingly) blocks the nucleolytic activity of Cas9, without affecting its binding affinity and
capacity to the target DNA [59]. The generated mutant protein, called dead Cas9 (dCas9),
has significantly further broadened the targeting range of Cas9 nucleases. Utilizing a
sequence-specific nuclease as a molecule carrying out the delivery of other effector proteins
to a specific locus in genome can introduce new DNA alteration capabilities. More precisely,
fusing other functionally active protein domains to a dCas9 protein led to the generation
of chimeric dCas proteins, capable of exhibiting the function of the effector protein to the
specific DNA regions (Figure 3b) [60]. This methodology led to the newly introduced
CRISPR technologies known as CRISPR activation (CRISPRa) and CRISPR interference
(CRISPRi), respectively. Finally, dCas proteins can be fused with other effector proteins
as well, including domains for investigating chromatin structure and three-dimensional
chromatin, base-editing enzymes (cytidine or adenine deaminases) used to modify DNA,
correct genetic mutations, or KO genes [61–65].

As for the latter, site-specific base editors have emerged as valuable tools for the
correction of specific mutations associated with disease phenotypes or the introduction
of mutations to suppress or alter the function of specific genes, giving new insights to
therapeutic approaches corresponding to these diseases [66]. For example, dCas-guided
base editors correct SNPs associated with hereditary diseases, such as thalassemia [67,68],
Marfan syndrome [69], and phenylketonuria [70]. Furthermore, diverse approaches have
been introduced for base-editing of DNA. In particular, the CRISPR-SKIP method is used
for introducing point mutations into splice acceptor sites, resulting in exon skipping
events. The subsequent translation of the generated modified mRNA will lead to the
production of novel protein isoforms with altered features [71]. Another characteristic
approach developed by fusing dCas9 with base editors is the CRISPR-Pass method, in
which correction of nonsense mutations by adenosine editors takes place. CRISPR-Pass
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approach can be utilized as antiviral tool, capable of mutating viral genomes to block
replication and protein synthesis of viruses including HIV, HBV, human papilloma virus,
and Epstein–Barr virus [72].

Undoubtedly, the contribution of Cas orthologs into the genome engineering toolkit
has enhanced efforts for genome editing, enabling the molecular cleavage of various
genomic targets. However, the recognition of specific PAM sequences by Cas9 remains a
barrier for the target selection, since these motifs limit the DNA regions that are suitable for
editing. The engineering of Cas9 orthologs has led to the production of new Cas9 variants
with altered features, which can be utilized to expand the targeting range of the genome.
More specifically, Cas9-NG represents an engineered Cas9 variant that recognizes NGN
PAMs, enabling the targeting of more genome loci. The ability of Cas9-NG to recognize
PAMs in a less strict way allows us to edit genomes efficiently. In the same manner, the
catalytic activity of SpG Cas9 variant depends on the PAM sequence and displays a highly
promising genome editing tool [73]. Additional systems including VQR- and EQR-Cas9 as
well as xCas9 can recognize sites containing the NG PAM. Of note, the VQR-Cas9 genome
editor is specific for the NGA motif, whereas xCas9 variant comprise a broad range of
recognition PAM sites, such as NG, GAA, and GAT [74]. Conversely, VRER SpCas9 variant
can cleave targets with a TGCG PAM sequence [75].

The flourishing CRISPR-Cas technologies are about to upgrade not only genome- and
epigenome-editing studies, but also the functional study of crucial genes at an RNA level.
Since the introduction of CRISPR-Cas systems, many diverse technologies have been devel-
oped for precise editing of DNA and RNA molecules. Of note, CRISPR-Cas RNA-editing
tools that have emerged enabled us to modify gene expression by editing the corresponding
mRNA molecules, without the need of altering the gene sequence [76,77]. The development
of these technologies paved the way for a new era in genomics/epigenomics and tran-
scriptomics/epitranscriptomics, which was sealed with the establishment of CRISPR-Cas
approaches in basic research as well as in clinical use.

4. Other Genome/Transcriptome Editing Strategies

Apart from the innovative technology of CRISPR-Cas systems, three additional
genome-editing nucleases, homing endonucleases (HEs), zinc-finger nucleases (ZFNs), and
transcription activator like effector nucleases (TALENs), are also utilized to perform breaks
in DNA [78]. HEs, also known as meganucleases, are encoded by homing endonuclease
genes (HEGs), which constitute highly specific DNA-cleaving enzymes that recognize
asymmetric long DNA sequences (~20–30 bps) and naturally have been reported in mi-
croorganisms. The mechanism is based on the expression of HEGs in living cells, which
are embedded in a mobile element. The encoded enzyme cleaves the target of interest and
creates a DSB which can be repaired via HDR or NHEJ resulting in gene KO mutation of
insertion of exogenous DNA [79,80].

ZFNs, the first custom DNA nucleases, are programmable synthetic proteins that bind
to specific DNA locations and utilize DNA endonucleases to create DSBs, thus facilitating
genome engineering [25,81]. These breaks are repaired either by HDR or NHEJ pathways.
These engineered enzymes are fusions of two domains: the zinc finger repeats, that generate
arrays of six or more fingers which can recognize approximately 9–18 bp, and a DNA-
cleavage region from the restriction endonuclease Fok1, naturally found in bacteria, which
dimerizes to target and cleave DNA sites [82]. To continue, TALENs are proteins that have
been found in plant-pathogenic bacteria of genus Xanthomonas, and their role is to activate
plant genes and support virulence [25,78,83].

In the same manner, TALENs are restriction fusion enzymes that have the ability to
cut specific DNA sequences (~14–20 bps) and include two crucial and distinct domains: the
DNA binding and a catalytic region, which is similar to the DNA-cleavage domain of ZFNs.
DNA sites of interest can be targeting and cleaved for either KO or knock in (KI) genes
using TALENs [84]. Both methods require the insertion of the ZFN/TALEN sequence into
plasmids, which are transfected into cells. The ZFN/TALEN sequence is transcribed and
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translated into proteins, which enter the nucleus and bind to DNA in order to cleave the
target sequence. Additionally, repair enzymes can generate gene KO, or a synthetic DNA
can be incorporated to produce a gene KI [81,85].

On the contrary, the revolutionizing technology of RNA interference (RNAi) com-
pletely differs from the nuclease-dependent genome editing strategies. Although genome
editing nucleases facilitate DSBs in genomic regions, RNAi performs post-transcriptional
gene silencing by cleaving mRNA molecules [86,87]. The mechanism was first identified
in 1998 by exposing the model organism Caenorhabditis elegans to a dsRNA that resulted
in gene silencing [88]. RNAi constitutes a conserved biological process in eukaryotes
to directly control genes and usually works for viral defense. The system involves two
important RNA types: the small interfering RNA (siRNA) and the microRNAs (miRNAs).
Naturally, siRNAs are derived from longer dsRNAs, whereas microRNAs are produced
by ds precursor microRNAs. Both molecules are approximately 21 nts long and interact
with Dicer, an endonuclease protein that recognizes ds RNA molecules and cleaves them
into short segments [89]. Moreover, these small RNAs bind to Argonauts and other pro-
teins creating an RNA-induced silencing complex, known as RISC [90,91]. siRNAs have
perfect complementarity to specific mRNA sites, thus guide RISC to their target in order to
activate Argonauts to break down the ds mRNA sites that they have created [91]. In the
case of microRNAs, which can also direct RISC to mRNAs, only a part of the microRNA
sequence is complementary and pairs with the target. The imprecise matching of microR-
NAs enables targeting hundreds of molecules leading to mRNA degradation or translation
inhibition [92,93].

5. CRISPR-Cas System Versus Other DNA/RNA Editing Methods

Genome editing flourished with the development of powerful bioengineering tech-
niques, namely ZFNs, TALENs, and CRISPR-Cas, which allow permanent modifications
at a specific genomic site on a target organism [81]. Previous DNA editing techniques
were obtained via homologous recombination by delivering a DNA template with 5′- and
3′-homology arms to the targeted genomic region, and host nucleases were used to repair
the DNA breaks. However, the approach proved to be time-consuming, and the designed
construct requires the delivery of a long DNA template and is inefficient in various mam-
malian cells. Thus, the design of special nucleases, that can specifically recognize and cleave
DNA targets, constitutes a real breakthrough in genome engineering that revolutionized
biomedical research and clinical medicine [94].

Although ZFNs and TALENs are transformative tools that have expanded the ability
to manipulate genes and organisms, both have limitations and harbor disadvantages that
the CRISPR-Cas system aims to overcome [95,96]. In particular, the zinc finger motifs
of ZFNs are aligned in an array which affects the specificity of the neighboring zinc
fingers. Consequently, both the design and the selection of desired zinc finger domains
are challenging and time-consuming, while the target specificity of the system is hardly
predicted (Table 3). Similarly, TALENs are based on protein–DNA interactions, which
influences the specificity of the method. On the contrary, the engineering guidelines of
TALENs is more flexible and simpler than ZFNs, since each TALEN domain recognizes
only one nucleotide having well-defined target specificities [97,98].

Among the gene editing techniques, the newest CRISPR-Cas technology provides
several advantages, becoming one of the most promising tools for genome manipulation.
More precisely, the in vivo, or in vitro, delivery of both ZFNs and TALENs can lead to
toxicity or lethality due to binding at off-target sites that introduces breaks in undesired
regions [79,97].
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Table 3. Main differences between HEs, ZFNs, TALENs, and CRISPR-Cas genome editing systems.

Features HEs ZFNs TALENs CRISPR-Cas

Origin
Mobile genetic

elements in
microbiome

Eukaryotic
transcription factors

TALENs
of plant pathogenic

bacteria

Bacterial adaptive
immune system

Target sequence (bp) 20–30 9–18 14–20 ~23
Number of target sites Limited Various Various Various

Engineering Simple Difficult Slightly difficult Very simple
Size (kb) ~1 ~1 ~3 >3

Target recognition Protein-DNA Protein-DNA Protein-DNA RNA-DNA and
Protein-DNA

Specificity/
Off-target effects High/Low Low/High High/Low Highest/Low to high

Targeting efficiency Low to variable Variable Variable to high High

Multiple targeting
No/Protein

engineering for
each new target

No/Protein
engineering for
each new target

No/Protein
engineering for
each new target

Yes/Multiple
targets can be edited

simultaneously

The CRISPR-Cas system is driven by RNA–DNA base pairing, avoiding protein–DNA
interactions, and offering many advances over ZFNs and TALENs, including simpler design
for any DNA target, easy handling, higher efficiency, limited off-target sites, lower cost, and
the ability of altering different genomic sites at the same time by adding multiple gRNAs
(Table 3). As far as transcriptome editing is concerned, comparing RNAi, the traditional
post-transcriptional gene silencing mechanism, to the CRISPR-Cas system, the latter utilizes
sgRNAs that can eliminate all the transcript variants of a gene with reduced off-target
effects [79,98]. Undoubtedly, the superior capabilities of CRISPR-Cas systems promise to
expand our knowledge about genome engineering and pave the way for extraordinary
advances in the biomedical field.

6. Applications of CRISPR-Cas Systems

In just a few short years, CRISPR-Cas systems have gained ground in modern scientific
research and life sciences and contributed to outstanding breakthroughs in biotechnology
and modern medicine. This versatile genome editing tool has already been applied widely
in several areas including agriculture, bioenergy, biotechnology, and medicine [99]. As far
as agriculture is concerned, gene editing via CRISPR-Cas technology is of great importance
since it can be employed to produce CRISPR-modified foods or the creation of disease-
resistant and drought-resistant crops to reduce food waste and prolong the shelf-life of
foods [100]. Additionally, the utilization of the CRISPR-Cas system can be valuable for
bioenergy. For instance, gene editing techniques can be used to increase tolerance of yeast
to harsh conditions during the production of biofuels. Moreover, utilizing CRISPR-Cas
systems for KO genes of transcription factors that control creation of lipids in algae can
lead to increased lipid production for biodiesel [101,102].

Notably, CRISPR-Cas technology has mostly been applied in modern biomedical
research enabling a plethora of applications for manipulating genes, cell lines, and animal
models, thus the technology has been adopted in multiple gene therapy
approaches [103–105]. Editing animal models is significant for understanding human
diseases and developing novel therapeutics. Especially, the innovative CRISPR-Cas ap-
proach can be used to generate a wide variety of transgenic animal models, including
zebrafish, C. elegans, and murine, at different developmental stages (Table 4) [106].



Genes 2023, 14, 129 12 of 19

Table 4. Applications of the CRISPR/Cas9 system in animal models and human cell lines to study
different cancer types.

Malignancy Model/Cell Line Genes of Interest

Brain cancer
Mice models

TP53, PTEN, NF1
Breast cancer PYCR1

Ovarian cancer
Murine models

TP53, BRCA2
Lung cancer p107

Pancreatic cancer
Mice models

BRCA1, BRCA2, PTEN, ATM
Leukemia BCR-ABL1

Hepatocellular carcinoma Zebrafish models AR
Colorectal cancer HInEpC APC, TP53, SMAD4

Liver cancer HepG2, Huh-7 NCOA5, ASPH, BAX, BCL2,
CXCR4, CDK7

Creating transgenic animals with CRISPR KO and KI for testing specific genes or
gene panels can provide novel insights into cellular mechanisms that provoke human
diseases, monitor disease progression, and predict the efficiency of drug therapies [107].
Additionally, CRISPR editing in animal models is the first step for the development of
efficient gene therapies that are based on replacing mutant genes with wild type genes.
For instance, CRISPR KI has been used to introduce the retinitis pigmentosa (RP) gene in
mouse models to examine the potential of reverse blindness in mice [108,109]. Another
approach to treat sickle-cell disease was reported in mouse models in which β-globin has
been edited to increase fetal hemoglobin levels [110].

CRISPR-Cas systems have facilitated stem cell regulatory biology since they can be
investigated at the genome-wide level. The first attempt was carried out in 2013 when
CRISPR-Cas9 was applied to stem cell models from cystic fibrosis patients for the correction
of CFTR gene mutation [111]. Thenceforth, the method has been applied in various stem
cell models for the correction of genetic mutations related to human diseases such as beta
thalassemia, hemophilia, and Fragile X Syndrome [112,113]. Additionally, the CRISPR-
Cas9 system has been used to manipulate organoid cultures to study genetic defects in
diseases. Indicatively, CRISPR-Cas9 is utilized to KO the polycystin1 and polycystin2
(PKD1 and PKD2) genes of human embryonic stem cells and generated mutant kidney
organoids with obviously abnormal features [114,115]. Moreover, CRISPR-Cas9 editing has
also been employed to hematopoietic stem cells to study responses in HIV patients [116].
Specifically, a certain mutation in the chemokine co-receptor type-5 (CCR5) gene is known
to be responsible for asymptomatic carrying of HIV. CRISPR-Cas9 has been utilized for
the generation of HIV-resistant cells through the disruption of the CCR5 gene in stem cells
from HIV patients [117,118]. Additional studies have shown that the disruption of CCR5
has no toxicity on cells, thus the edited HIV-resistant cells could effectively reconstitute
the immune system and be protected from HIV infection [119]. In the same manner, bone
marrow cells have been removed from patients with sickle cell disease, and CRISPR-Cas9
disabled the B-cell Lymphoma 11A (BCL11A) gene, which is responsible for changing
γ-globin into the β-globin chain, resulting in an increase of the fetal hemoglobin production
in red blood cells (Table 5) [120–122].

Utilizing CRISPR-Cas for creating cells with special features allows for an in-depth un-
derstanding of the developmental stages of cells or tissues that has undoubtedly enhanced
the development of cell-based therapies. Particularly, using fusions of dCas9 and transcrip-
tional mediating proteins that are guided by a specific RNA can be introduced to cells for
targeting genes of interest and act as transcriptional activators or repressors [123]. For exam-
ple, the engineered CRISPR-dCas9 system has been used for targeting the Granulin (GRN)
gene, a growth factor that promotes tumor progression in liver cancer [124,125]. The intro-
duction of the dCas9 fused with epigenetic suppressor genes, such as Krüppel-Associated
Box Transcriptional Repression Domain (KRAB), DNA Methyltransferase (DNMT3a), and
Histone 3 Lysine 27 Methyltransferase (EZH2), and gRNAs that target GRN leads to de-
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creased levels of its mRNAs in Hep3B hepatoma cells (Table 4) [126]. Further studies
that focus on bladder cancer have revealed that the dCas9 tethering with the CRY2-CIB1
(Cryptochrome 2-Calcium and Integrin Binding 1) photosensitive module can activate
the expression of p53 and E-cadherin proteins, inhibiting the biological function of T24
tumor cells [126,127]. Furthermore, T lymphocytes are human cells that have been genet-
ically edited to express an artificial chimeric antigen receptor (CAR) that can recognize
specific malignancies and activates the immune system to target and destroy cancerous
cells [128]. The development of CRISPR-mediated genome editing approaches is consid-
ered a breakthrough for immunology and lays the groundwork for the improvement of
CAR-T therapeutic strategies. Of note, the advances of CRISPR gene editing as compared
to previously existing genome editing techniques will both increase the safety of CAR-T
cell therapies and enhance the tumor-killing activity of CAR-T cells [129,130]. For instance,
CRISPR-Cas system has been utilized for disrupting the PD-1 receptor which normally
binds to its ligand, PD-L1, and inhibits the function of T-cells. It has been shown that
CRISPR KO can limit the expression of PD-1 on the surface of the CAR-T cells which
ultimately led to increased tumor-killing ability and cancer prevention (Table 5) [131,132].

Table 5. Applications of the CRISPR/Cas9 system used in clinical trials.

Disease Target Gene Type of Edit Phase

Beta-thalassemia Hemoglobin Subunit Beta (HBB) Gene correction I & II

Beta-thalassemia BAF Chromatin Remodeling Complex Subunit 11A
(BCL11A) Gene disruption II & III

Transfusion-Dependent
β-Thalassemia

BAF Chromatin Remodeling Complex Subunit 11A
(BCL11A) Gene disruption III

Acute Lymphoblastic Leukemia CD19/CD52 molecule (CD19/CD52), T-Cell Receptor
alpha & beta locus (TCRαβ) Gene KO I

Acute Lymphoblastic Leukemia T-Cell Receptor alpha locus (TCRα) Gene KO I & II
Acute Lymphoblastic Leukemia T-Cell Receptor (TRC), anti-CD19 CAR Gene KO & KI I & II

Acute Myeloid Leukemia CD38/CD33 molecule (CD38/CD33) Gene KO I & II
Hepatocellular Carcinoma Programmed Cell Death 1 (PD-1) Gene KO I

B-Cell Malignancies T-Cell Receptor (TCR) & Beta-2-Microglobulin (B2M) Gene disruption I & II

B-Cell Non-Hodgkin Lymphoma CD19 molecule (CD19), Programmed Cell Death 1
(PD-1), T-Cell Receptor (TCR) Gene KO/KI I

Billiary Tract Cancer TGF-β receptor (TGFβR) Gene KO I
Prostate Cancer Programmed Cell Death 1 (PD-1) Gene KO I & II

Esophageal Cancer Programmed Cell Death 1 (PD-1) Gene KO I
Gastro-Intestinal Cancer Cytokine inducible SH2 containing protein (CISH) Gene KO I & II

Human papillomavirus related
cervical cancer

Human papillomavirus types 16 & 18 (HPV16 &
HPV18 E6/E7) Gene KO I

Metastatic Non-small Cell Lung
Cancer Programmed Cell Death 1 (PD-1) Gene disruption I

Multiple Myeloma T-Cell Receptor alpha & beta locus (TCRαβ) &
Programmed Cell Death 1 (PD-1) Gene KO I

Nasopharyngeal Carcinoma Programmed Cell Death 1 (PD-1) Gene KO I & II
Non-small Cell Lung Cancer Programmed Cell Death 1 (PD-1) Gene KO I & II
Relapsed or Refractory B-cell

malignancies
T-Cell Receptor alpha locus (TCRα), CD19/CD22/

CD52 molecule (CD19/CD22/CD52) Gene KO I

Renal Cell Carcinoma Major Histocompatibility Complex Class I (MHC-I) &
T-Cell Receptor (TCR) Gene insertion/KO I

Solid Tumors KO of TCRαβ, & insertion of genes encoding chains of
a neoantigen-specific TCR (neoTCR) Gene insertion/KO I

Solid tumors CD38 molecule (CD38) Gene KO I
Herpes Simplex Virus Refractory

Keratitis
Helicase-primase subunit/ Single-stranded

DNA-binding protein (UL8/UL29) Gene disruption I & II

Leber Congenital Amaurosis Centrosomal Protein 290 (CEP290) Gene correction I & II
Hereditary Angioedema Kallikrein B1 (KLKB1) Gene KO I & II
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7. Conclusions

The introduction of CRISPR-Cas technologies paved the way for the development
of novel approaches that aim to facilitate genomic and epigenomic studies, providing us
the ability to decipher in depth the function of genes as well as their regulator mecha-
nisms. More specifically, the development of diverse methods grounded on CRISPR-Cas
systems laid the groundwork for the study of the genetic information in multiple levels
since these technologies enabled us to mediate KO in vital genes, alter the epigenomic
profile of the DNA, and correct the sequence of mutated genes that are responsible for
hereditary diseases. Of note, the attempt to utilize CRISPR-Cas systems in clinical practice
proved promising since it gave new insights into therapeutics, suggesting that these sys-
tems could be exploited for the development of novel therapeutic approaches for many
human diseases.

Author Contributions: M.A.B. and K.A. drafted the text of the review article and designed all figures
and tables; P.G.A. and D.C.S. contributed with additional text and important discussions for the
enhancement of the initial text; P.G.A. performed a critical review of the draft manuscript, performed
corrections and organized the revised manuscript; A.S. thoroughly reviewed the final version of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data was created or analyzed in this study. Data sharing is not
applicable to this article.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ledford, H.; Callaway, E. Pioneers of revolutionary CRISPR gene editing win chemistry Nobel. Nature 2020, 586, 346–347.

[CrossRef]
2. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual-RNA-guided DNA

endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [CrossRef]
3. Charpentier, E.; Doudna, J.A. Biotechnology: Rewriting a genome. Nature 2013, 495, 50–51. [CrossRef] [PubMed]
4. Doudna, J.A.; Charpentier, E. Genome editing. The new frontier of genome engineering with CRISPR-Cas9. Science 2014,

346, 1258096. [CrossRef] [PubMed]
5. Ishino, Y.; Shinagawa, H.; Makino, K.; Amemura, M.; Nakata, A. Nucleotide sequence of the iap gene, responsible for alkaline

phosphatase isozyme conversion in Escherichia coli, and identification of the gene product. J. Bacteriol. 1987, 169, 5429–5433.
[CrossRef] [PubMed]

6. Cho, S.W.; Kim, S.; Kim, J.M.; Kim, J.S. Targeted genome engineering in human cells with the Cas9 RNA-guided endonuclease.
Nat. Biotechnol. 2013, 31, 230–232. [CrossRef]

7. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A.; et al. Multiplex genome
engineering using CRISPR/Cas systems. Science 2013, 339, 819–823. [CrossRef]

8. Mali, P.; Aach, J.; Stranges, P.B.; Esvelt, K.M.; Moosburner, M.; Kosuri, S.; Yang, L.; Church, G.M. CAS9 transcriptional activators
for target specificity screening and paired nickases for cooperative genome engineering. Nat. Biotechnol. 2013, 31, 833–838.
[CrossRef]

9. Deveau, H.; Garneau, J.E.; Moineau, S. CRISPR/Cas system and its role in phage-bacteria interactions. Annu. Rev. Microbiol. 2010,
64, 475–493. [CrossRef]

10. Bolotin, A.; Quinquis, B.; Sorokin, A.; Ehrlich, S.D. Clustered regularly interspaced short palindrome repeats (CRISPRs) have
spacers of extrachromosomal origin. Microbiology 2005, 151, 2551–2561. [CrossRef]

11. Mojica, F.J.; Diez-Villasenor, C.; Garcia-Martinez, J.; Soria, E. Intervening sequences of regularly spaced prokaryotic repeats derive
from foreign genetic elements. J. Mol. Evol. 2005, 60, 174–182. [CrossRef] [PubMed]

12. Pourcel, C.; Salvignol, G.; Vergnaud, G. CRISPR elements in Yersinia pestis acquire new repeats by preferential uptake of
bacteriophage DNA, and provide additional tools for evolutionary studies. Microbiology 2005, 151, 653–663. [CrossRef]

13. Horvath, P.; Barrangou, R. CRISPR/Cas, the immune system of bacteria and archaea. Science 2010, 327, 167–170. [CrossRef]

http://doi.org/10.1038/d41586-020-02765-9
http://doi.org/10.1126/science.1225829
http://doi.org/10.1038/495050a
http://www.ncbi.nlm.nih.gov/pubmed/23467164
http://doi.org/10.1126/science.1258096
http://www.ncbi.nlm.nih.gov/pubmed/25430774
http://doi.org/10.1128/jb.169.12.5429-5433.1987
http://www.ncbi.nlm.nih.gov/pubmed/3316184
http://doi.org/10.1038/nbt.2507
http://doi.org/10.1126/science.1231143
http://doi.org/10.1038/nbt.2675
http://doi.org/10.1146/annurev.micro.112408.134123
http://doi.org/10.1099/mic.0.28048-0
http://doi.org/10.1007/s00239-004-0046-3
http://www.ncbi.nlm.nih.gov/pubmed/15791728
http://doi.org/10.1099/mic.0.27437-0
http://doi.org/10.1126/science.1179555


Genes 2023, 14, 129 15 of 19

14. Makarova, K.S.; Haft, D.H.; Barrangou, R.; Brouns, S.J.; Charpentier, E.; Horvath, P.; Moineau, S.; Mojica, F.J.; Wolf, Y.I.; Yakunin,
A.F.; et al. Evolution and classification of the CRISPR-Cas systems. Nat. Rev. Microbiol. 2011, 9, 467–477. [CrossRef] [PubMed]

15. Bhaya, D.; Davison, M.; Barrangou, R. CRISPR-Cas systems in bacteria and archaea: Versatile small RNAs for adaptive defense
and regulation. Annu. Rev. Genet. 2011, 45, 273–297. [CrossRef]

16. Marraffini, L.A.; Sontheimer, E.J. CRISPR interference limits horizontal gene transfer in staphylococci by targeting DNA. Science
2008, 322, 1843–1845. [CrossRef] [PubMed]

17. Brouns, S.J.; Jore, M.M.; Lundgren, M.; Westra, E.R.; Slijkhuis, R.J.; Snijders, A.P.; Dickman, M.J.; Makarova, K.S.; Koonin, E.V.;
van der Oost, J. Small CRISPR RNAs guide antiviral defense in prokaryotes. Science 2008, 321, 960–964. [CrossRef]

18. Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval, P.; Moineau, S.; Romero, D.A.; Horvath, P. CRISPR provides
acquired resistance against viruses in prokaryotes. Science 2007, 315, 1709–1712. [CrossRef]

19. Yosef, I.; Goren, M.G.; Qimron, U. Proteins and DNA elements essential for the CRISPR adaptation process in Escherichia coli.
Nucleic Acids Res. 2012, 40, 5569–5576. [CrossRef]

20. Deltcheva, E.; Chylinski, K.; Sharma, C.M.; Gonzales, K.; Chao, Y.; Pirzada, Z.A.; Eckert, M.R.; Vogel, J.; Charpentier, E. CRISPR
RNA maturation by trans-encoded small RNA and host factor RNase III. Nature 2011, 471, 602–607. [CrossRef]

21. Hale, C.R.; Majumdar, S.; Elmore, J.; Pfister, N.; Compton, M.; Olson, S.; Resch, A.M.; Glover, C.V., 3rd; Graveley, B.R.; Terns,
R.M.; et al. Essential features and rational design of CRISPR RNAs that function with the Cas RAMP module complex to cleave
RNAs. Mol. Cell 2012, 45, 292–302. [CrossRef]

22. Wiedenheft, B.; Sternberg, S.H.; Doudna, J.A. RNA-guided genetic silencing systems in bacteria and archaea. Nature 2012, 482,
331–338. [CrossRef] [PubMed]

23. Barrangou, R. CRISPR-Cas systems and RNA-guided interference. Wiley Interdiscip. Rev. RNA 2013, 4, 267–278. [CrossRef]
[PubMed]

24. Westra, E.R.; Swarts, D.C.; Staals, R.H.; Jore, M.M.; Brouns, S.J.; van der Oost, J. The CRISPRs, they are a-changin’: How
prokaryotes generate adaptive immunity. Annu. Rev. Genet. 2012, 46, 311–339. [CrossRef]

25. Carroll, D. Genome engineering with zinc-finger nucleases. Genetics 2011, 188, 773–782. [CrossRef] [PubMed]
26. Hsu, P.D.; Zhang, F. Dissecting neural function using targeted genome engineering technologies. ACS Chem. Neurosci. 2012, 3,

603–610. [CrossRef]
27. Makarova, K.S.; Wolf, Y.I.; Alkhnbashi, O.S.; Costa, F.; Shah, S.A.; Saunders, S.J.; Barrangou, R.; Brouns, S.J.; Charpentier, E.; Haft,

D.H.; et al. An updated evolutionary classification of CRISPR-Cas systems. Nat. Rev. Microbiol. 2015, 13, 722–736. [CrossRef]
[PubMed]

28. Peters, J.E.; Makarova, K.S.; Shmakov, S.; Koonin, E.V. Recruitment of CRISPR-Cas systems by Tn7-like transposons. Proc. Natl.
Acad. Sci. USA 2017, 114, E7358–E7366. [CrossRef]

29. Klompe, S.E.; Vo, P.L.H.; Halpin-Healy, T.S.; Sternberg, S.H. Transposon-encoded CRISPR-Cas systems direct RNA-guided DNA
integration. Nature 2019, 571, 219–225. [CrossRef]

30. Makarova, K.S.; Wolf, Y.I.; Iranzo, J.; Shmakov, S.A.; Alkhnbashi, O.S.; Brouns, S.J.J.; Charpentier, E.; Cheng, D.; Haft, D.H.;
Horvath, P.; et al. Evolutionary classification of CRISPR-Cas systems: A burst of class 2 and derived variants. Nat. Rev. Microbiol.
2020, 18, 67–83. [CrossRef]

31. Makarova, K.S.; Wolf, Y.I.; Koonin, E.V. The basic building blocks and evolution of CRISPR-CAS systems. Biochem. Soc. Trans.
2013, 41, 1392–1400. [CrossRef] [PubMed]

32. Spilman, M.; Cocozaki, A.; Hale, C.; Shao, Y.; Ramia, N.; Terns, R.; Terns, M.; Li, H.; Stagg, S. Structure of an RNA silencing
complex of the CRISPR-Cas immune system. Mol. Cell 2013, 52, 146–152. [CrossRef]

33. Hale, C.R.; Zhao, P.; Olson, S.; Duff, M.O.; Graveley, B.R.; Wells, L.; Terns, R.M.; Terns, M.P. RNA-guided RNA cleavage by a
CRISPR RNA-Cas protein complex. Cell 2009, 139, 945–956. [CrossRef]

34. Koonin, E.V.; Makarova, K.S. Origins and evolution of CRISPR-Cas systems. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2019,
374, 20180087. [CrossRef] [PubMed]

35. Makarova, K.S.; Aravind, L.; Wolf, Y.I.; Koonin, E.V. Unification of Cas protein families and a simple scenario for the origin and
evolution of CRISPR-Cas systems. Biol. Direct 2011, 6, 38. [CrossRef] [PubMed]

36. Makarova, K.S.; Grishin, N.V.; Shabalina, S.A.; Wolf, Y.I.; Koonin, E.V. A putative RNA-interference-based immune system in
prokaryotes: Computational analysis of the predicted enzymatic machinery, functional analogies with eukaryotic RNAi, and
hypothetical mechanisms of action. Biol. Direct 2006, 1, 7. [CrossRef]

37. Horvath, P.; Romero, D.A.; Coute-Monvoisin, A.C.; Richards, M.; Deveau, H.; Moineau, S.; Boyaval, P.; Fremaux, C.; Barrangou, R.
Diversity, activity, and evolution of CRISPR loci in Streptococcus thermophilus. J. Bacteriol. 2008, 190, 1401–1412. [CrossRef]

38. Deveau, H.; Barrangou, R.; Garneau, J.E.; Labonte, J.; Fremaux, C.; Boyaval, P.; Romero, D.A.; Horvath, P.; Moineau, S. Phage
response to CRISPR-encoded resistance in Streptococcus thermophilus. J. Bacteriol. 2008, 190, 1390–1400. [CrossRef]

39. Sapranauskas, R.; Gasiunas, G.; Fremaux, C.; Barrangou, R.; Horvath, P.; Siksnys, V. The Streptococcus thermophilus CRISPR/Cas
system provides immunity in Escherichia coli. Nucleic Acids Res. 2011, 39, 9275–9282. [CrossRef]

40. Haurwitz, R.E.; Jinek, M.; Wiedenheft, B.; Zhou, K.; Doudna, J.A. Sequence- and structure-specific RNA processing by a CRISPR
endonuclease. Science 2010, 329, 1355–1358. [CrossRef]

41. Deng, L.; Kenchappa, C.S.; Peng, X.; She, Q.; Garrett, R.A. Modulation of CRISPR locus transcription by the repeat-binding
protein Cbp1 in Sulfolobus. Nucleic Acids Res. 2012, 40, 2470–2480. [CrossRef]

http://doi.org/10.1038/nrmicro2577
http://www.ncbi.nlm.nih.gov/pubmed/21552286
http://doi.org/10.1146/annurev-genet-110410-132430
http://doi.org/10.1126/science.1165771
http://www.ncbi.nlm.nih.gov/pubmed/19095942
http://doi.org/10.1126/science.1159689
http://doi.org/10.1126/science.1138140
http://doi.org/10.1093/nar/gks216
http://doi.org/10.1038/nature09886
http://doi.org/10.1016/j.molcel.2011.10.023
http://doi.org/10.1038/nature10886
http://www.ncbi.nlm.nih.gov/pubmed/22337052
http://doi.org/10.1002/wrna.1159
http://www.ncbi.nlm.nih.gov/pubmed/23520078
http://doi.org/10.1146/annurev-genet-110711-155447
http://doi.org/10.1534/genetics.111.131433
http://www.ncbi.nlm.nih.gov/pubmed/21828278
http://doi.org/10.1021/cn300089k
http://doi.org/10.1038/nrmicro3569
http://www.ncbi.nlm.nih.gov/pubmed/26411297
http://doi.org/10.1073/pnas.1709035114
http://doi.org/10.1038/s41586-019-1323-z
http://doi.org/10.1038/s41579-019-0299-x
http://doi.org/10.1042/BST20130038
http://www.ncbi.nlm.nih.gov/pubmed/24256226
http://doi.org/10.1016/j.molcel.2013.09.008
http://doi.org/10.1016/j.cell.2009.07.040
http://doi.org/10.1098/rstb.2018.0087
http://www.ncbi.nlm.nih.gov/pubmed/30905284
http://doi.org/10.1186/1745-6150-6-38
http://www.ncbi.nlm.nih.gov/pubmed/21756346
http://doi.org/10.1186/1745-6150-1-7
http://doi.org/10.1128/JB.01415-07
http://doi.org/10.1128/JB.01412-07
http://doi.org/10.1093/nar/gkr606
http://doi.org/10.1126/science.1192272
http://doi.org/10.1093/nar/gkr1111


Genes 2023, 14, 129 16 of 19

42. Carte, J.; Wang, R.; Li, H.; Terns, R.M.; Terns, M.P. Cas6 is an endoribonuclease that generates guide RNAs for invader defense in
prokaryotes. Genes Dev. 2008, 22, 3489–3496. [CrossRef] [PubMed]

43. Nam, K.H.; Haitjema, C.; Liu, X.; Ding, F.; Wang, H.; DeLisa, M.P.; Ke, A. Cas5d protein processes pre-crRNA and assembles
into a cascade-like interference complex in subtype I-C/Dvulg CRISPR-Cas system. Structure 2012, 20, 1574–1584. [CrossRef]
[PubMed]

44. Shmakov, S.; Abudayyeh, O.O.; Makarova, K.S.; Wolf, Y.I.; Gootenberg, J.S.; Semenova, E.; Minakhin, L.; Joung, J.; Konermann,
S.; Severinov, K.; et al. Discovery and Functional Characterization of Diverse Class 2 CRISPR-Cas Systems. Mol. Cell 2015, 60,
385–397. [CrossRef]

45. Konermann, S.; Lotfy, P.; Brideau, N.J.; Oki, J.; Shokhirev, M.N.; Hsu, P.D. Transcriptome Engineering with RNA-Targeting Type
VI-D CRISPR Effectors. Cell 2018, 173, 665–676.e614. [CrossRef] [PubMed]

46. Yan, W.X.; Chong, S.; Zhang, H.; Makarova, K.S.; Koonin, E.V.; Cheng, D.R.; Scott, D.A. Cas13d Is a Compact RNA-Targeting Type
VI CRISPR Effector Positively Modulated by a WYL-Domain-Containing Accessory Protein. Mol. Cell 2018, 70, 327–339.e325.
[CrossRef] [PubMed]

47. Smargon, A.A.; Cox, D.B.T.; Pyzocha, N.K.; Zheng, K.; Slaymaker, I.M.; Gootenberg, J.S.; Abudayyeh, O.A.; Essletzbichler, P.;
Shmakov, S.; Makarova, K.S.; et al. Cas13b Is a Type VI-B CRISPR-Associated RNA-Guided RNase Differentially Regulated by
Accessory Proteins Csx27 and Csx28. Mol. Cell 2017, 65, 618–630.e617. [CrossRef] [PubMed]

48. Garneau, J.E.; Dupuis, M.E.; Villion, M.; Romero, D.A.; Barrangou, R.; Boyaval, P.; Fremaux, C.; Horvath, P.; Magadan, A.H.;
Moineau, S. The CRISPR/Cas bacterial immune system cleaves bacteriophage and plasmid DNA. Nature 2010, 468, 67–71.
[CrossRef]

49. Saleh-Gohari, N.; Helleday, T. Conservative homologous recombination preferentially repairs DNA double-strand breaks in the S
phase of the cell cycle in human cells. Nucleic Acids Res. 2004, 32, 3683–3688. [CrossRef]

50. Chen, F.; Pruett-Miller, S.M.; Huang, Y.; Gjoka, M.; Duda, K.; Taunton, J.; Collingwood, T.N.; Frodin, M.; Davis, G.D. High-
frequency genome editing using ssDNA oligonucleotides with zinc-finger nucleases. Nat. Methods 2011, 8, 753–755. [CrossRef]

51. Mali, P.; Yang, L.; Esvelt, K.M.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E.; Church, G.M. RNA-guided human genome
engineering via Cas9. Science 2013, 339, 823–826. [CrossRef]

52. Wu, Z.; Yang, H.; Colosi, P. Effect of genome size on AAV vector packaging. Mol. Ther. 2010, 18, 80–86. [CrossRef] [PubMed]
53. Mojica, F.J.M.; Diez-Villasenor, C.; Garcia-Martinez, J.; Almendros, C. Short motif sequences determine the targets of the

prokaryotic CRISPR defence system. Microbiology 2009, 155, 733–740. [CrossRef] [PubMed]
54. Kim, S.K.; Kim, H.; Ahn, W.C.; Park, K.H.; Woo, E.J.; Lee, D.H.; Lee, S.G. Efficient Transcriptional Gene Repression by Type V-A

CRISPR-Cpf1 from Eubacterium eligens. ACS Synth. Biol. 2017, 6, 1273–1282. [CrossRef] [PubMed]
55. Zetsche, B.; Heidenreich, M.; Mohanraju, P.; Fedorova, I.; Kneppers, J.; DeGennaro, E.M.; Winblad, N.; Choudhury, S.R.;

Abudayyeh, O.O.; Gootenberg, J.S.; et al. Multiplex gene editing by CRISPR-Cpf1 using a single crRNA array. Nat. Biotechnol.
2017, 35, 31–34. [CrossRef]

56. Chen, J.S.; Ma, E.; Harrington, L.B.; Da Costa, M.; Tian, X.; Palefsky, J.M.; Doudna, J.A. CRISPR-Cas12a target binding unleashes
indiscriminate single-stranded DNase activity. Science 2018, 360, 436–439. [CrossRef] [PubMed]

57. Nishimasu, H.; Ran, F.A.; Hsu, P.D.; Konermann, S.; Shehata, S.I.; Dohmae, N.; Ishitani, R.; Zhang, F.; Nureki, O. Crystal structure
of Cas9 in complex with guide RNA and target DNA. Cell 2014, 156, 935–949. [CrossRef] [PubMed]

58. Trevino, A.E.; Zhang, F. Genome editing using Cas9 nickases. Methods Enzymol. 2014, 546, 161–174. [CrossRef]
59. Qi, L.S.; Larson, M.H.; Gilbert, L.A.; Doudna, J.A.; Weissman, J.S.; Arkin, A.P.; Lim, W.A. Repurposing CRISPR as an RNA-guided

platform for sequence-specific control of gene expression. Cell 2013, 152, 1173–1183. [CrossRef]
60. Stepper, P.; Kungulovski, G.; Jurkowska, R.Z.; Chandra, T.; Krueger, F.; Reinhardt, R.; Reik, W.; Jeltsch, A.; Jurkowski, T.P. Efficient

targeted DNA methylation with chimeric dCas9-Dnmt3a-Dnmt3L methyltransferase. Nucleic Acids Res. 2017, 45, 1703–1713.
[CrossRef]

61. Vojta, A.; Dobrinic, P.; Tadic, V.; Bockor, L.; Korac, P.; Julg, B.; Klasic, M.; Zoldos, V. Repurposing the CRISPR-Cas9 system for
targeted DNA methylation. Nucleic Acids Res. 2016, 44, 5615–5628. [CrossRef]

62. McDonald, J.I.; Celik, H.; Rois, L.E.; Fishberger, G.; Fowler, T.; Rees, R.; Kramer, A.; Martens, A.; Edwards, J.R.; Challen, G.A.
Reprogrammable CRISPR/Cas9-based system for inducing site-specific DNA methylation. Biol. Open 2016, 5, 866–874. [CrossRef]
[PubMed]

63. Liu, X.S.; Wu, H.; Ji, X.; Stelzer, Y.; Wu, X.; Czauderna, S.; Shu, J.; Dadon, D.; Young, R.A.; Jaenisch, R. Editing DNA Methylation
in the Mammalian Genome. Cell 2016, 167, 233–247.e217. [CrossRef] [PubMed]

64. Choudhury, S.R.; Cui, Y.; Lubecka, K.; Stefanska, B.; Irudayaraj, J. CRISPR-dCas9 mediated TET1 targeting for selective DNA
demethylation at BRCA1 promoter. Oncotarget 2016, 7, 46545–46556. [CrossRef] [PubMed]

65. Morita, S.; Noguchi, H.; Horii, T.; Nakabayashi, K.; Kimura, M.; Okamura, K.; Sakai, A.; Nakashima, H.; Hata, K.; Nakashima,
K.; et al. Targeted DNA demethylation in vivo using dCas9-peptide repeat and scFv-TET1 catalytic domain fusions. Nat.
Biotechnol. 2016, 34, 1060–1065. [CrossRef]

66. Rossidis, A.C.; Stratigis, J.D.; Chadwick, A.C.; Hartman, H.A.; Ahn, N.J.; Li, H.; Singh, K.; Coons, B.E.; Li, L.; Lv, W.; et al. In utero
CRISPR-mediated therapeutic editing of metabolic genes. Nat. Med. 2018, 24, 1513–1518. [CrossRef]

67. Gehrke, J.M.; Cervantes, O.; Clement, M.K.; Wu, Y.; Zeng, J.; Bauer, D.E.; Pinello, L.; Joung, J.K. An APOBEC3A-Cas9 base editor
with minimized bystander and off-target activities. Nat. Biotechnol. 2018, 36, 977–982. [CrossRef]

http://doi.org/10.1101/gad.1742908
http://www.ncbi.nlm.nih.gov/pubmed/19141480
http://doi.org/10.1016/j.str.2012.06.016
http://www.ncbi.nlm.nih.gov/pubmed/22841292
http://doi.org/10.1016/j.molcel.2015.10.008
http://doi.org/10.1016/j.cell.2018.02.033
http://www.ncbi.nlm.nih.gov/pubmed/29551272
http://doi.org/10.1016/j.molcel.2018.02.028
http://www.ncbi.nlm.nih.gov/pubmed/29551514
http://doi.org/10.1016/j.molcel.2016.12.023
http://www.ncbi.nlm.nih.gov/pubmed/28065598
http://doi.org/10.1038/nature09523
http://doi.org/10.1093/nar/gkh703
http://doi.org/10.1038/nmeth.1653
http://doi.org/10.1126/science.1232033
http://doi.org/10.1038/mt.2009.255
http://www.ncbi.nlm.nih.gov/pubmed/19904234
http://doi.org/10.1099/mic.0.023960-0
http://www.ncbi.nlm.nih.gov/pubmed/19246744
http://doi.org/10.1021/acssynbio.6b00368
http://www.ncbi.nlm.nih.gov/pubmed/28375596
http://doi.org/10.1038/nbt.3737
http://doi.org/10.1126/science.aar6245
http://www.ncbi.nlm.nih.gov/pubmed/29449511
http://doi.org/10.1016/j.cell.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24529477
http://doi.org/10.1016/B978-0-12-801185-0.00008-8
http://doi.org/10.1016/j.cell.2013.02.022
http://doi.org/10.1093/nar/gkw1112
http://doi.org/10.1093/nar/gkw159
http://doi.org/10.1242/bio.019067
http://www.ncbi.nlm.nih.gov/pubmed/27170255
http://doi.org/10.1016/j.cell.2016.08.056
http://www.ncbi.nlm.nih.gov/pubmed/27662091
http://doi.org/10.18632/oncotarget.10234
http://www.ncbi.nlm.nih.gov/pubmed/27356740
http://doi.org/10.1038/nbt.3658
http://doi.org/10.1038/s41591-018-0184-6
http://doi.org/10.1038/nbt.4199


Genes 2023, 14, 129 17 of 19

68. Liang, P.; Ding, C.; Sun, H.; Xie, X.; Xu, Y.; Zhang, X.; Sun, Y.; Xiong, Y.; Ma, W.; Liu, Y.; et al. Correction of beta-thalassemia
mutant by base editor in human embryos. Protein Cell 2017, 8, 811–822. [CrossRef]

69. Zeng, Y.; Li, J.; Li, G.; Huang, S.; Yu, W.; Zhang, Y.; Chen, D.; Chen, J.; Liu, J.; Huang, X. Correction of the Marfan Syndrome
Pathogenic FBN1 Mutation by Base Editing in Human Cells and Heterozygous Embryos. Mol. Ther. 2018, 26, 2631–2637.
[CrossRef]

70. Villiger, L.; Grisch-Chan, H.M.; Lindsay, H.; Ringnalda, F.; Pogliano, C.B.; Allegri, G.; Fingerhut, R.; Haberle, J.; Matos, J.;
Robinson, M.D.; et al. Treatment of a metabolic liver disease by in vivo genome base editing in adult mice. Nat. Med. 2018, 24,
1519–1525. [CrossRef]

71. Gapinske, M.; Luu, A.; Winter, J.; Woods, W.S.; Kostan, K.A.; Shiva, N.; Song, J.S.; Perez-Pinera, P. CRISPR-SKIP: Programmable
gene splicing with single base editors. Genome Biol. 2018, 19, 107. [CrossRef] [PubMed]

72. Lee, C.; Hyun Jo, D.; Hwang, G.H.; Yu, J.; Kim, J.H.; Park, S.E.; Kim, J.S.; Kim, J.H.; Bae, S. CRISPR-Pass: Gene Rescue of Nonsense
Mutations Using Adenine Base Editors. Mol. Ther. 2019, 27, 1364–1371. [CrossRef] [PubMed]

73. Ren, B.; Liu, L.; Li, S.; Kuang, Y.; Wang, J.; Zhang, D.; Zhou, X.; Lin, H.; Zhou, H. Cas9-NG Greatly Expands the Targeting Scope
of the Genome-Editing Toolkit by Recognizing NG and Other Atypical PAMs in Rice. Mol. Plant 2019, 12, 1015–1026. [CrossRef]
[PubMed]

74. Hu, X.; Meng, X.; Liu, Q.; Li, J.; Wang, K. Increasing the efficiency of CRISPR-Cas9-VQR precise genome editing in rice. Plant
Biotechnol. J. 2018, 16, 292–297. [CrossRef] [PubMed]

75. Hirano, S.; Nishimasu, H.; Ishitani, R.; Nureki, O. Structural Basis for the Altered PAM Specificities of Engineered CRISPR-Cas9.
Mol. Cell 2016, 61, 886–894. [CrossRef]

76. Abudayyeh, O.O.; Gootenberg, J.S.; Franklin, B.; Koob, J.; Kellner, M.J.; Ladha, A.; Joung, J.; Kirchgatterer, P.; Cox, D.B.T.; Zhang,
F. A cytosine deaminase for programmable single-base RNA editing. Science 2019, 365, 382–386. [CrossRef]

77. Cox, D.B.T.; Gootenberg, J.S.; Abudayyeh, O.O.; Franklin, B.; Kellner, M.J.; Joung, J.; Zhang, F. RNA editing with CRISPR-Cas13.
Science 2017, 358, 1019–1027. [CrossRef]

78. Lanigan, T.M.; Kopera, H.C.; Saunders, T.L. Principles of Genetic Engineering. Genes 2020, 11, 291. [CrossRef]
79. Khalil, A.M. The genome editing revolution: Review. J. Genet. Eng. Biotechnol. 2020, 18, 68. [CrossRef]
80. Paques, F.; Duchateau, P. Meganucleases and DNA double-strand break-induced recombination: Perspectives for gene therapy.

Curr. Gene Ther. 2007, 7, 49–66. [CrossRef]
81. Gaj, T.; Gersbach, C.A.; Barbas, C.F. 3rd. ZFN, TALEN, and CRISPR/Cas-based methods for genome engineering. Trends

Biotechnol. 2013, 31, 397–405. [CrossRef] [PubMed]
82. Schierling, B.; Dannemann, N.; Gabsalilow, L.; Wende, W.; Cathomen, T.; Pingoud, A. A novel zinc-finger nuclease platform with

a sequence-specific cleavage module. Nucleic Acids Res. 2012, 40, 2623–2638. [CrossRef] [PubMed]
83. Gupta, R.M.; Musunuru, K. Expanding the genetic editing tool kit: ZFNs, TALENs, and CRISPR-Cas9. J. Clin. Investig. 2014, 124,

4154–4161. [CrossRef] [PubMed]
84. Wright, D.A.; Li, T.; Yang, B.; Spalding, M.H. TALEN-mediated genome editing: Prospects and perspectives. Biochem. J. 2014, 462,

15–24. [CrossRef] [PubMed]
85. Ain, Q.U.; Chung, J.Y.; Kim, Y.H. Current and future delivery systems for engineered nucleases: ZFN, TALEN and RGEN. J.

Control. Release 2015, 205, 120–127. [CrossRef] [PubMed]
86. Setten, R.L.; Rossi, J.J.; Han, S.P. The current state and future directions of RNAi-based therapeutics. Nat. Rev. Drug Discov. 2019,

18, 421–446. [CrossRef]
87. Weng, Y.; Xiao, H.; Zhang, J.; Liang, X.J.; Huang, Y. RNAi therapeutic and its innovative biotechnological evolution. Biotechnol.

Adv. 2019, 37, 801–825. [CrossRef]
88. Grishok, A. RNAi mechanisms in Caenorhabditis elegans. FEBS Lett. 2005, 579, 5932–5939. [CrossRef]
89. Vergani-Junior, C.A.; Tonon-da-Silva, G.; Inan, M.D.; Mori, M.A. DICER: Structure, function, and regulation. Biophys. Rev. 2021,

13, 1081–1090. [CrossRef]
90. Alshaer, W.; Zureigat, H.; Al Karaki, A.; Al-Kadash, A.; Gharaibeh, L.; Hatmal, M.M.; Aljabali, A.A.; Awidi, A. siRNA: Mechanism

of action, challenges, and therapeutic approaches. Eur. J. Pharmacol. 2021, 905, 174178. [CrossRef]
91. Sioud, M. RNA Interference: Story and Mechanisms. Methods Mol. Biol. 2021, 2282, 1–15. [CrossRef] [PubMed]
92. Hammond, S.M. An overview of microRNAs. Adv. Drug Deliv. Rev. 2015, 87, 3–14. [CrossRef] [PubMed]
93. Hernandez-Soto, A.; Chacon-Cerdas, R. RNAi Crop Protection Advances. Int. J. Mol. Sci. 2021, 22, 12148. [CrossRef] [PubMed]
94. Bak, R.O.; Gomez-Ospina, N.; Porteus, M.H. Gene Editing on Center Stage. Trends Genet. 2018, 34, 600–611. [CrossRef]
95. Naeem, M.; Majeed, S.; Hoque, M.Z.; Ahmad, I. Latest Developed Strategies to Minimize the Off-Target Effects in CRISPR-Cas-

Mediated Genome Editing. Cells 2020, 9, 1608. [CrossRef]
96. Gupta, D.; Bhattacharjee, O.; Mandal, D.; Sen, M.K.; Dey, D.; Dasgupta, A.; Kazi, T.A.; Gupta, R.; Sinharoy, S.; Acharya, K.; et al.

CRISPR-Cas9 system: A new-fangled dawn in gene editing. Life Sci. 2019, 232, 116636. [CrossRef]
97. Gaj, T.; Sirk, S.J.; Shui, S.L.; Liu, J. Genome-Editing Technologies: Principles and Applications. Cold Spring Harb. Perspect. Biol.

2016, 8, a023754. [CrossRef]
98. Boettcher, M.; McManus, M.T. Choosing the Right Tool for the Job: RNAi, TALEN, or CRISPR. Mol. Cell 2015, 58, 575–585.

[CrossRef]

http://doi.org/10.1007/s13238-017-0475-6
http://doi.org/10.1016/j.ymthe.2018.08.007
http://doi.org/10.1038/s41591-018-0209-1
http://doi.org/10.1186/s13059-018-1482-5
http://www.ncbi.nlm.nih.gov/pubmed/30107853
http://doi.org/10.1016/j.ymthe.2019.05.013
http://www.ncbi.nlm.nih.gov/pubmed/31164261
http://doi.org/10.1016/j.molp.2019.03.010
http://www.ncbi.nlm.nih.gov/pubmed/30928635
http://doi.org/10.1111/pbi.12771
http://www.ncbi.nlm.nih.gov/pubmed/28605576
http://doi.org/10.1016/j.molcel.2016.02.018
http://doi.org/10.1126/science.aax7063
http://doi.org/10.1126/science.aaq0180
http://doi.org/10.3390/genes11030291
http://doi.org/10.1186/s43141-020-00078-y
http://doi.org/10.2174/156652307779940216
http://doi.org/10.1016/j.tibtech.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23664777
http://doi.org/10.1093/nar/gkr1112
http://www.ncbi.nlm.nih.gov/pubmed/22135304
http://doi.org/10.1172/JCI72992
http://www.ncbi.nlm.nih.gov/pubmed/25271723
http://doi.org/10.1042/BJ20140295
http://www.ncbi.nlm.nih.gov/pubmed/25057889
http://doi.org/10.1016/j.jconrel.2014.12.036
http://www.ncbi.nlm.nih.gov/pubmed/25553825
http://doi.org/10.1038/s41573-019-0017-4
http://doi.org/10.1016/j.biotechadv.2019.04.012
http://doi.org/10.1016/j.febslet.2005.08.001
http://doi.org/10.1007/s12551-021-00902-w
http://doi.org/10.1016/j.ejphar.2021.174178
http://doi.org/10.1007/978-1-0716-1298-9_1
http://www.ncbi.nlm.nih.gov/pubmed/33928566
http://doi.org/10.1016/j.addr.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/25979468
http://doi.org/10.3390/ijms222212148
http://www.ncbi.nlm.nih.gov/pubmed/34830030
http://doi.org/10.1016/j.tig.2018.05.004
http://doi.org/10.3390/cells9071608
http://doi.org/10.1016/j.lfs.2019.116636
http://doi.org/10.1101/cshperspect.a023754
http://doi.org/10.1016/j.molcel.2015.04.028


Genes 2023, 14, 129 18 of 19

99. Lino, C.A.; Harper, J.C.; Carney, J.P.; Timlin, J.A. Delivering CRISPR: A review of the challenges and approaches. Drug Deliv. 2018,
25, 1234–1257. [CrossRef]

100. Es, I.; Gavahian, M.; Marti-Quijal, F.J.; Lorenzo, J.M.; Khaneghah, A.M.; Tsatsanis, C.; Kampranis, S.C.; Barba, F.J. The application
of the CRISPR-Cas9 genome editing machinery in food and agricultural science: Current status, future perspectives, and
associated challenges. Biotechnol. Adv. 2019, 37, 410–421. [CrossRef]

101. Javed, M.R.; Noman, M.; Shahid, M.; Ahmed, T.; Khurshid, M.; Rashid, M.H.; Ismail, M.; Sadaf, M.; Khan, F. Current situation of
biofuel production and its enhancement by CRISPR/Cas9-mediated genome engineering of microbial cells. Microbiol. Res. 2019,
219, 1–11. [CrossRef]

102. Lakhawat, S.S.; Malik, N.; Kumar, V.; Kumar, S.; Sharma, P.K. Implications of CRISPR-Cas9 in Developing Next Generation
Biofuel: A Mini-review. Curr. Protein Pept. Sci. 2022, 23, 574–584. [CrossRef] [PubMed]

103. Nidhi, S.; Anand, U.; Oleksak, P.; Tripathi, P.; Lal, J.A.; Thomas, G.; Kuca, K.; Tripathi, V. Novel CRISPR-Cas Systems: An Updated
Review of the Current Achievements, Applications, and Future Research Perspectives. Int. J. Mol. Sci. 2021, 22, 3327. [CrossRef]
[PubMed]

104. Lim, J.M.; Kim, H.H. Basic Principles and Clinical Applications of CRISPR-Based Genome Editing. Yonsei Med. J. 2022, 63, 105–113.
[CrossRef]

105. Sharma, G.; Sharma, A.R.; Bhattacharya, M.; Lee, S.S.; Chakraborty, C. CRISPR-Cas9: A Preclinical and Clinical Perspective for
the Treatment of Human Diseases. Mol. Ther. 2021, 29, 571–586. [CrossRef] [PubMed]

106. Khalaf, K.; Janowicz, K.; Dyszkiewicz-Konwinska, M.; Hutchings, G.; Dompe, C.; Moncrieff, L.; Jankowski, M.; Machnik, M.;
Oleksiewicz, U.; Kocherova, I.; et al. CRISPR/Cas9 in Cancer Immunotherapy: Animal Models and Human Clinical Trials. Genes
2020, 11, 921. [CrossRef] [PubMed]

107. Zarei, A.; Razban, V.; Hosseini, S.E.; Tabei, S.M.B. Creating cell and animal models of human disease by genome editing using
CRISPR/Cas9. J. Gene Med. 2019, 21, e3082. [CrossRef]

108. Gumerson, J.D.; Alsufyani, A.; Yu, W.; Lei, J.; Sun, X.; Dong, L.; Wu, Z.; Li, T. Restoration of RPGR expression in vivo using
CRISPR/Cas9 gene editing. Gene Ther. 2022, 29, 81–93. [CrossRef]

109. Parain, K.; Lourdel, S.; Donval, A.; Chesneau, A.; Borday, C.; Bronchain, O.; Locker, M.; Perron, M. CRISPR/Cas9-Mediated
Models of Retinitis Pigmentosa Reveal Differential Proliferative Response of Muller Cells between Xenopus laevis and Xenopus
tropicalis. Cells 2022, 11, 807. [CrossRef]

110. Meisel, R. CRISPR-Cas9 Gene Editing for Sickle Cell Disease and beta-Thalassemia. N. Engl. J. Med. 2021, 384, e91. [CrossRef]
111. Schwank, G.; Koo, B.K.; Sasselli, V.; Dekkers, J.F.; Heo, I.; Demircan, T.; Sasaki, N.; Boymans, S.; Cuppen, E.; van der Ent, C.K.; et al.

Functional repair of CFTR by CRISPR/Cas9 in intestinal stem cell organoids of cystic fibrosis patients. Cell Stem Cell 2013, 13,
653–658. [CrossRef] [PubMed]

112. Han, J.P.; Kim, M.; Choi, B.S.; Lee, J.H.; Lee, G.S.; Jeong, M.; Lee, Y.; Kim, E.A.; Oh, H.K.; Go, N.; et al. In vivo delivery of
CRISPR-Cas9 using lipid nanoparticles enables antithrombin gene editing for sustainable hemophilia A and B therapy. Sci. Adv.
2022, 8, eabj6901. [CrossRef]

113. Torres-Ruiz, R.; Rodriguez-Perales, S. CRISPR-Cas9 technology: Applications and human disease modelling. Brief. Funct.
Genomics 2017, 16, 4–12. [CrossRef]

114. Freedman, B.S.; Brooks, C.R.; Lam, A.Q.; Fu, H.; Morizane, R.; Agrawal, V.; Saad, A.F.; Li, M.K.; Hughes, M.R.; Werff, R.V.; et al.
Modelling kidney disease with CRISPR-mutant kidney organoids derived from human pluripotent epiblast spheroids. Nat.
Commun. 2015, 6, 8715. [CrossRef]

115. Romano, E.; Trionfini, P.; Ciampi, O.; Benigni, A.; Tomasoni, S. Generation of PKD1 mono-allelic and bi-allelic knockout iPS cell
lines using CRISPR-Cas9 system. Stem Cell Res. 2020, 47, 101881. [CrossRef] [PubMed]

116. Schmidt, J.K.; Strelchenko, N.; Park, M.A.; Kim, Y.H.; Mean, K.D.; Schotzko, M.L.; Kang, H.J.; Golos, T.G.; Slukvin, I.I. Genome
editing of CCR5 by CRISPR-Cas9 in Mauritian cynomolgus macaque embryos. Sci. Rep. 2020, 10, 18457. [CrossRef] [PubMed]

117. Xu, L.; Yang, H.; Gao, Y.; Chen, Z.; Xie, L.; Liu, Y.; Liu, Y.; Wang, X.; Li, H.; Lai, W.; et al. CRISPR/Cas9-Mediated CCR5 Ablation
in Human Hematopoietic Stem/Progenitor Cells Confers HIV-1 Resistance In Vivo. Mol. Ther. 2017, 25, 1782–1789. [CrossRef]

118. Saayman, S.; Ali, S.A.; Morris, K.V.; Weinberg, M.S. The therapeutic application of CRISPR/Cas9 technologies for HIV. Expert
Opin. Biol. Ther. 2015, 15, 819–830. [CrossRef] [PubMed]

119. Kang, H.; Minder, P.; Park, M.A.; Mesquitta, W.T.; Torbett, B.E.; Slukvin, I.I. CCR5 Disruption in Induced Pluripotent Stem Cells
Using CRISPR/Cas9 Provides Selective Resistance of Immune Cells to CCR5-tropic HIV-1 Virus. Mol. Ther. Nucleic Acids 2015,
4, e268. [CrossRef]

120. Khosravi, M.A.; Abbasalipour, M.; Concordet, J.P.; Berg, J.V.; Zeinali, S.; Arashkia, A.; Buch, T.; Karimipoor, M. Expression
analysis data of BCL11A and gamma-globin genes in KU812 and KG-1 cell lines after CRISPR/Cas9-mediated BCL11A enhancer
deletion. Data Brief 2019, 28, 104974. [CrossRef]

121. Cosenza, L.C.; Gasparello, J.; Romanini, N.; Zurlo, M.; Zuccato, C.; Gambari, R.; Finotti, A. Efficient CRISPR-Cas9-based genome
editing of beta-globin gene on erythroid cells from homozygous beta(0)39-thalassemia patients. Mol. Ther. Methods Clin. Dev.
2021, 21, 507–523. [CrossRef]

122. Esrick, E.B.; Lehmann, L.E.; Biffi, A.; Achebe, M.; Brendel, C.; Ciuculescu, M.F.; Daley, H.; MacKinnon, B.; Morris, E.; Federico,
A.; et al. Post-Transcriptional Genetic Silencing of BCL11A to Treat Sickle Cell Disease. N. Engl. J. Med. 2021, 384, 205–215.
[CrossRef] [PubMed]

http://doi.org/10.1080/10717544.2018.1474964
http://doi.org/10.1016/j.biotechadv.2019.02.006
http://doi.org/10.1016/j.micres.2018.10.010
http://doi.org/10.2174/1389203723666220907110310
http://www.ncbi.nlm.nih.gov/pubmed/36082852
http://doi.org/10.3390/ijms22073327
http://www.ncbi.nlm.nih.gov/pubmed/33805113
http://doi.org/10.3349/ymj.2022.63.2.105
http://doi.org/10.1016/j.ymthe.2020.09.028
http://www.ncbi.nlm.nih.gov/pubmed/33238136
http://doi.org/10.3390/genes11080921
http://www.ncbi.nlm.nih.gov/pubmed/32796761
http://doi.org/10.1002/jgm.3082
http://doi.org/10.1038/s41434-021-00258-6
http://doi.org/10.3390/cells11050807
http://doi.org/10.1056/NEJMc2103481
http://doi.org/10.1016/j.stem.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24315439
http://doi.org/10.1126/sciadv.abj6901
http://doi.org/10.1093/bfgp/elw025
http://doi.org/10.1038/ncomms9715
http://doi.org/10.1016/j.scr.2020.101881
http://www.ncbi.nlm.nih.gov/pubmed/32592954
http://doi.org/10.1038/s41598-020-75295-z
http://www.ncbi.nlm.nih.gov/pubmed/33116147
http://doi.org/10.1016/j.ymthe.2017.04.027
http://doi.org/10.1517/14712598.2015.1036736
http://www.ncbi.nlm.nih.gov/pubmed/25865334
http://doi.org/10.1038/mtna.2015.42
http://doi.org/10.1016/j.dib.2019.104974
http://doi.org/10.1016/j.omtm.2021.03.025
http://doi.org/10.1056/NEJMoa2029392
http://www.ncbi.nlm.nih.gov/pubmed/33283990


Genes 2023, 14, 129 19 of 19

123. Saifaldeen, M.; Al-Ansari, D.E.; Ramotar, D.; Aouida, M. CRISPR FokI Dead Cas9 System: Principles and Applications in Genome
Engineering. Cells 2020, 9, 2518. [CrossRef] [PubMed]

124. Arunsan, P.; Chaidee, A.; Cochran, C.J.; Mann, V.H.; Tanno, T.; Kumkhaek, C.; Smout, M.J.; Karinshak, S.E.; Rodpai, R.; Sotillo,
J.; et al. Liver fluke granulin promotes extracellular vesicle-mediated crosstalk and cellular microenvironment conducive to
cholangiocarcinoma. Neoplasia 2020, 22, 203–216. [CrossRef] [PubMed]

125. Wang, H.; Guo, R.; Du, Z.; Bai, L.; Li, L.; Cui, J.; Li, W.; Hoffman, A.R.; Hu, J.F. Epigenetic Targeting of Granulin in Hepatoma
Cells by Synthetic CRISPR dCas9 Epi-suppressors. Mol. Ther. Nucleic Acids 2018, 11, 23–33. [CrossRef] [PubMed]

126. Kanafi, M.M.; Tavallaei, M. Overview of advances in CRISPR/deadCas9 technology and its applications in human diseases. Gene
2022, 830, 146518. [CrossRef]

127. Huang, X.; Zhou, Q.; Wang, M.; Cao, C.; Ma, Q.; Ye, J.; Gui, Y. A Light-Inducible Split-dCas9 System for Inhibiting the Progression
of Bladder Cancer Cells by Activating p53 and E-cadherin. Front. Mol. Biosci. 2021, 7, 627848. [CrossRef]

128. Miliotou, A.N.; Papadopoulou, L.C. CAR T-cell Therapy: A New Era in Cancer Immunotherapy. Curr. Pharm. Biotechnol. 2018, 19,
5–18. [CrossRef]

129. Wang, D.; Prager, B.C.; Gimple, R.C.; Aguilar, B.; Alizadeh, D.; Tang, H.; Lv, D.; Starr, R.; Brito, A.; Wu, Q.; et al. CRISPR Screening
of CAR T Cells and Cancer Stem Cells Reveals Critical Dependencies for Cell-Based Therapies. Cancer Discov. 2021, 11, 1192–1211.
[CrossRef]

130. Li, C.; Mei, H.; Hu, Y. Applications and explorations of CRISPR/Cas9 in CAR T-cell therapy. Brief. Funct. Genom. 2020, 19,
175–182. [CrossRef]

131. Tang, N.; Cheng, C.; Zhang, X.; Qiao, M.; Li, N.; Mu, W.; Wei, X.F.; Han, W.; Wang, H. TGF-beta inhibition via CRISPR promotes
the long-term efficacy of CAR T cells against solid tumors. JCI Insight 2020, 5, e133977. [CrossRef] [PubMed]

132. Hu, W.; Zi, Z.; Jin, Y.; Li, G.; Shao, K.; Cai, Q.; Ma, X.; Wei, F. CRISPR/Cas9-mediated PD-1 disruption enhances human
mesothelin-targeted CAR T cell effector functions. Cancer Immunol. Immunother. 2019, 68, 365–377. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/cells9112518
http://www.ncbi.nlm.nih.gov/pubmed/33233344
http://doi.org/10.1016/j.neo.2020.02.004
http://www.ncbi.nlm.nih.gov/pubmed/32244128
http://doi.org/10.1016/j.omtn.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29858058
http://doi.org/10.1016/j.gene.2022.146518
http://doi.org/10.3389/fmolb.2020.627848
http://doi.org/10.2174/1389201019666180418095526
http://doi.org/10.1158/2159-8290.CD-20-1243
http://doi.org/10.1093/bfgp/elz042
http://doi.org/10.1172/jci.insight.133977
http://www.ncbi.nlm.nih.gov/pubmed/31999649
http://doi.org/10.1007/s00262-018-2281-2
http://www.ncbi.nlm.nih.gov/pubmed/30523370

	Introduction 
	Diverse CRISPR-Cas Systems 
	Class I Systems 
	Class II Systems 

	Utilizing Cas Nucleases as Genome-Engineering Tools 
	Cas9 Nuclease for Genome Editing 
	Cas12a Ortholog as a Lead Actor in DNA Editing 
	Engineered Cas Proteins for Precise Editing 

	Other Genome/Transcriptome Editing Strategies 
	CRISPR-Cas System Versus Other DNA/RNA Editing Methods 
	Applications of CRISPR-Cas Systems 
	Conclusions 
	References

